Wheat domestication and subsequent improvement formed a wide phenotypic variation in Grain Weight (GW) between the domesticated wheat species and their wild progenitors. GW continues to be an important goal of many wheat-breeding programs and yet, although studies found many quantitative trait loci (QTLs) for GW, not many genes that underlay these loci were identified. Here we performed QTL analysis for GW using a Recombinant Inbred Line (RIL) population based of a cross between wild emmer wheat accession 'Zavitan' and durum wheat variety 'Svevo'. Using the recent Zavitan genome assembly, we anchored the identified QTLs to the reference sequence and added the positions of previously published QTLs for GW in tetraploid wheat. This genome based meta-QTL analysis enabled us to identify a locus on chromosome 6A with a positive effect on GW that was contributed by wild wheat in a few studies. This locus was validated using an introgression line that contains the 6A GW QTL from Zavitan in the background of Svevo with higher grain weight. Using the reference sequence and genes associated with GW from rice, we were able to identify a wheat ortholog in the 6A QTL region to rice gene, OsGRF4. The coding sequence of this gene, TtGRF4-A, showed four SNPs between Zavitan and Svevo. Molecular marker developed for the first SNP showed that the Zavitan allele of TtGRF4-A is rare in a core collection of wild emmer and absent in domesticated emmer genepool. We suggest that TtGRF4-A is a candidate underlying the 6A GW QTL and breeding with its natural Zavitan allele may have the potential to increase wheat yields.
Introduction
Grain weight (GW) in wheat, typically expressed by Thousand Kernel Weight (TKW), is one of the most important determinants of yield together with grain number per unit area (e.g number of grains per spike and number of spikes per plant) (Campbell et al. 1999) . GW factors grain size (length, width and area), grain shape and grain density (Gegas et al. 2010 ; Distelfeld et al. 2014 ) and considered as a very stable yield component, with relatively high heritability. Domesticated wheat (T. aestivum and T. durum) has little variation in grain size compared to wild wheat, as the result of a genetic bottleneck due to artificial selection during domestication (Dubcovsky and Dvorak 2007; Gegas et al. 2010 ). Wild emmer wheat (WEW: T. turgidum ssp. dicoccoides, genome BBAA) the progenitor species of all wheats grown commercially today, was domesticated about 10,000 years ago, most likely in southeastern Turkey (eastern population), with a major contribution from wild emmer populations in southern Levant (western population, Ozkan et al. 2005) . The western population is further subdivided into two subpopulations, designated Horanum and Judaicum, which greatly differ in their morphological characters (Poyarkova et al. 1991) . Judaicum is characterized with a tall, upright phenotype, wide spikes, large grains, and is more fertile than the Horanum subpopulation that exhibit a smaller stature, and a more slender spike. The large phenotypic variation in the wild present a potential allelic diversity for wheat improvement. Yet, considering that WEW is advocated as an important resource for wheat improvement (Aaronsohn 1910 panicle (similar to number of grains per spike in wheat) and GW. One example is the GIF1 gene that encodes a cell wall invertase, GIF1 mutants have lower GW due to loosely packed starch granules that reduce the grain density and weight (Wang et al. 2008 , Control of rice grain-filling and yield by a gene with a potential signature of domestication). Duan et al. (2016) have shown that GIF1 interacts with GRF4 and that overexpression of GIF1 increases grain size and weight. Rice genotypes with a 2 bp mutation in the GRF4 target site of mir396 had larger grains in rice (Che et al. 2015; Duan et al. 2015; Tsukaya et al. 2016 ).
In the current study, we aim to identify the genetic elements controlling GW phenotypic variation in wheat and present our results from QTL analyses. We will associate these results with previously published GW QTL data and demonstrate a reference-based meta-QTL analysis. The genome data will also be used to associate rice GW genes and our meta-QTL data, allowing us to focus on a candidate gene underlying a major QTL on chromosome 6A with a positive effect on GW, contributed by wild emmer wheat.
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Materials and Methods
Plant material and growth conditions
A segregating population consisted of 137 F7 Recombinant Inbreed Lines (RILs) was developed by single-seed decent from from a cross between an elite durum wheat (cv. Svevo; Sv, hereafter) and a wild emmer wheat (accession Zavitan; Zv, hereafter). This population was previously genotyped ) and used for various genetic studies (Avni et The Sv × Zv population was characterized under field-conditions over multi-locations × years × treatments (Table 1 ). Three to six selected spikes from each experimental unit from the parental lines and their progenies were used for TKW measurements in all the experiments. In 2014R and 2015A the parental lines, Zavitan and Svevo, were evaluated for other grain characters (e.g. length, width and area) using a Qualmaster Computer Vision device (VIBE Technologies, Tel Aviv, Israel).
Development of Zv introgression line population and growth conditions
RILs from the Sv × Zv population were backcrossed three times to Sv, self-pollinated for 5 generations to create a set of BC3F5 lines or introgression lines. The introgression lines were genotyped with the wheat 90K iSelect SNP genotyping assay as previously described (Wang et al. 2014 ). ILs were grown in 2018 as described in table 1 and grains were evaluated for TKW. *For all experiments: Seeds were disinfected (3.6% Sodium Hypochloric acid, for 10 minutes) and placed for vernalization in a moist germination paper for 3 weeks in a dark cold room (4 o C), followed by 3 days acclimation at room temperature (24 o C), then planted in the field. The two plants at the edges of each plot served as borders, and the remaining three plants were harvested at the end of the experiment to estimate TKW. The field were treated with fungicides and pesticides to avoid development of fungal pathogens or insect pests and was weeded manually once a week.
QTL analysis
QTL analysis followed the same procedure described by Nave et al. (2016) , briefly, a reduced version of the Sv × Zv map, containing 472 markers, was used for QTL analysis with the MultiQTL software (http://www.multiqtl.com). Significance of each QTLs was calculated using a permutation test followed by a genotype × environment interaction analysis.
Meta-QTL analysis
The meta-QTL analysis included the TKW data collected in the current study and from previously 
Wheat Rice colinearity analysis of yield related genes
We searched the literature for characterized yield-related-genes from rice (Oryza spp.) and aligned their sequences to the Zv genome using blast search. The best hits of this search were compared against the WEW annotation and ortholog WEW genes were identified including their genomic location on the WEW genome.
GRF4-A SNP marker development and allelic variation study
Sequences data with SNP information confined by [ Table S10 ).
Results
Phenotyping
In 2014R and 2015A experiments, the parental lines Sv and Zv, differed in every measure of yield related parameters (Table 2.). Golan 2015). In these eight studies and our current study, the TKW ranged between 10g to 48g in the wild emmer parents and 30g to 74g in the domesticated parents (including emmer), while population means ranged from 29.9g to 58.9g (Table 3. ).
To identify overlap between QTLs, we anchored the peak marker of every TKW QTL from all the studies to the WEW genome by a BLAST alignment. The best alignment was chosen by the highest percent of identity, e-value and agreement with the genetic maps. This process was successful in most cases, except when the marker sequence was absent from the public databases (wPt-9555 and gwm263 Figure. 2 Meta-QTL analysis of TKW QTLs using the WEW genome assembly. X-axis shows the position on the WEW genome (1 unit = 100Mb) and the y-axis shows the LOD score. Each study is represented in a different color (see legend) and the positive allele is indicated as (d) for durum, (w) for wild, or (e) for emmer.
Next, we focused our efforts to study the meta-QTL on chromosome 6A (designated mQTL-GW-6A)
because it showed consistent contribution of higher TKW from WEW, therefore may present genetic diversity with breeding potential that is currently absent from the domesticated genepool.
Validation of the mQTL-GW-6A using Sv × Zv introgression lines
To learn more about mQTL-GW-6A, we selected a BC3F5 introgression line designated NIL-21. Figure 3A and B). 
Rice and wheat yield related genes
The extensive work that was done in rice to identify yield related genes may provide candidate wheat genes responsible to the TKW QTLs and meta-QTLs like mQTL-GW-6A. To explore this possibility, the sequences of yield related genes from rice were aligned to the WEW genome and, in most cases, we could find their orthologs on the A and B subgenomes of wheat. For some rice genes such as OsGRF4, OsGW5 and OsSRS3, we detected wheat paralogous genes in addition to orthologs ( This analysis enabled us to identify a candidate gene located within the region of mQTL-GW-6A (480- Allelic diversity study using molecular marker for the GRF4-A
We have developed a molecular marker based on the SNP in position 93 of GRF4-A. This marker was used to genotype a core collection of wild and domesticated tetraploid genotypes. The results showed that only two additional WEW genotypes (WE-10 and WE-12, both from Israel, Table S1 ) carried the Zv allele while all the rest of the accessions (wild and domesticated) carried the Sv allele (Table S1 ). Here, we used the WEW reference genome to anchor the QTL markers using their sequences alignment to the genome. This process was efficient as we were able to find the physical location of most QTL markers. This strategy allowed a straightforward comparison between the results from all the QTL studies, accurately locate similar overlapping QTLs, avoiding the need to have even one common marker between the populations. The current study focused on TKW but the general scheme is true for all QTL experiments in wheat, which can now be analyzed using a reference genome and without genetic distance estimations. Our meta-QTL analysis showed more than 10 loci that are associated with higher TKW from wild wheat and we chose to focus on a 6A locus that showed cleaves the transcript at a specific target site. In certain rice varieties there is a mutation TC to AA at the cleavage site, which results in lower expression of OsGRF4. Rice plants with the site resistant to miR396 cleavage had larger and especially longer hull and grain due to higher expression of OsGRF4 (Duan et al. 2016) . To further associate between GRF4-A and mQTL-GW-6A we examined the allelic differences between Sv and Zv, identified four SNPs in the coding sequence and developed a molecular marker for the first SNP. Allelic diversity analysis on a core collection using this GRF4-A marker revealed that the Zv allele is rare (Only two genotypes out of 64 wild and domesticated genotypes, table S10, Avni et al. 2017 ). In fact, the genotypes that carry the Zv GRF4-A allele cluster together ( . Therefore, we suggest that the polymorphisms in GRF4-A may be associated with those phenotypic differences between the two subpopulations.
Conclusions
We showed here that the recent assembly of the wild emmer genome opened the way for genome based genetic dissection of phenotypic variation. The existence of a high quality ordered genome facilitate colocalization of QTLs from different studies and different organisms (e.g rice).
Combining such meta-QTL study with a well annotated genome can point out to a potential gene underlying the studied trait. 
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